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Key Design Criteria2

There remains a need for grid-scale energy storage

Renewable/Remote Energy Grid Reliability National Defense Emergency Aid

Å Inherent Safety 

Å Long Cycle Life 

Å Functional Energy Density 

(voltage, capacity)

Å Low to Intermediate Temperature 

Operation

Å Low Cost and Scalable
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Pb-Acid (Ecell ~ 2.1V)

Pb + PbO2 + 2H2SO4ăĄ 2PbSO4 + 2H2O

Å Capacity fades quickly (typically 200 -300 cycles)

Å Temperature -sensitive function

E. Krieger, et al. (2013) Energy 60. 492-500.
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Li-ion (Ecell ~ 3.6V)

LiC6 + CoO2ăĄ C6 + LiCoO2 

E. Krieger, et al. (2013) Energy 60. 492-500.

Å Safety (flammable organic electrolytes

Å Cycle lifetime limited

Å Cost
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There remains a need for grid-scale energy storage

Renewable/Remote Energy Grid Reliability National Defense Emergency Aid

Å Inherent Safety 

Å Long Cycle Life 

Å Functional Energy Density 

(voltage, capacity)

Å Low to Intermediate Temperature 

Operation

Å Low Cost and Scalable

Na-S (Ecell ~ 2V)

2Na + 4S ăĄ Na2S4

Å Safety: Violent, toxic reactions between molten 

Na and molten S ïcascading runaway!

Å Corrosive, toxic chemistries

Å High temperature operation (270-350oC)
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There remains a need for grid-scale energy storage

Renewable/Remote Energy Grid Reliability National Defense Emergency Aid

Å Inherent Safety 

Å Long Cycle Life 

Å Functional Energy Density 

(voltage, capacity)

Å Low to Intermediate Temperature 

Operation

Å Low Cost and Scalable

Na-NiCl2 (Ecell ~ 2.6V)

2Na + NiCl2ăĄ 2Na+ + 2Cl- + Ni(s)

2mm 2mm

Particle 

Coarsening

Å Cycle lifetime (solid cathode material 

Å Cost (related to cycle lifetime and material costs)

Å High temperature operation (typically > 200oC)



Low Temperature Molten Na-Halide Batteries7

Our Vision: A molten sodium-based battery that comprises a robust, highly Na +-conductive, 

zero-crossover separator and a fully liquid, highly cyclable molten catholyte that operates 

at low temperatures.  

Na-NaI battery: 

Na Ą Na+ + e- E0
0 = 0V

I3
- + 2e-

Ą 3I- E0
0 = 3.24

2Na + I3
-
Ą 2Na+ + 3I- E0

cell = 3.24V
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Battery cycling 

at 110oC!

25 mol% NaI-AlBr3
with NaSICON

separator.OCP = 3.32V



Effective Demonstration of Na-NaI Battery8

L.J. Small, et al . J. Power Sources(2017) 360 569-574

The catholyte is 60 mol% NaI-AlCl3 (with 5-10 mol% NaI

added) ïSignificant undissolved solids at 150oC.

Na-NaI battery was tested across several scales at 150-180oC.



Molten Sodium Halide Batteries9

Our Vision: A molten sodium-based battery that comprises a robust, highly Na +-conductive, 

zero-crossover separator and a fully liquid, highly cyclable molten catholyte that operates 

at low temperatures.  

Na-NaI battery: 

Na Ą Na+ + e- E0
0 = 0V

I3
- + 2e-

Ą 3I- E0
0 = 3.24

2Na + I3
-
Ą 2Na+ + 3I- E0

cell = 3.24V

Battery cycling 

at 100oC!

25 mol% NaI-AlBr3

with NaSICON

separator.110oC
100oC



Virtues of a Low Temperature Battery10

Low Temperature Operation of a Molten Na Battery is 

Tremendously Enabling

ü Improved Lifetime 

Å Reduced material degradation

Å Decreased reagent volatility

Å Fewer side reactions

ü Lower material cost and processing

Å Seals 

Å Separators 

Å Cell body

Å Polymer components become 

realistic! 

ü Reduced operating costs 

ü Simplified heat management costs  

Å Inherent Safety 

Å Long Cycle Life 

Å Functional Energy Density 

(voltage, capacity)

Å Low to Intermediate 

Temperature Operation

Å Low Cost and Scalable



Na-NaI Battery Safety11

Na-NaI battery: 

Na Ą Na+ + e- E0
0 = 0V

I3
- + 2e-

Ą 3I- E0
0 = 3.24

2Na + I3
-
Ą 2Na+ + 3I- E0

cell = 3.24V

Å Inherent Safety 

Å Long Cycle Life 

Å Functional Energy Density 

(voltage, capacity)

Å Low to Intermediate 

Temperature Operation

Å Low Cost and Scalable

Simulating separator failure, metallic Na and NaI/AlXσwere combined and heated.  Byproducts of reaction 

are aluminum metal and harmless sodium halide salts.

Accelerating rate calorimetry reveals that Na -NaI/AlXσmixtures exhibit:

1) no significant exothermic behavior

2) no significant gas generation of pressurization



Low Temperature Long Cycle Life12

Na-NaI battery: 

Na Ą Na+ + e- E0
0 = 0V

I3
- + 2e-

Ą 3I- E0
0 = 3.24

2Na + I3
-
Ą 2Na+ + 3I- E0

cell = 3.24V

We envision that cycle life will be determined through

1) use of a zero-crossover separator (e.g., NaSICON or bò- Al2O3)

2) maintaining a fully liquid catholyte

SNL-synthesized NaSICON Ionotec (bò- Al2O3) 

NaSICON conductivity > 10-3 S/cm at 25oC

Å Inherent Safety 

Å Long Cycle Life 

Å Functional Energy Density 

(voltage, capacity)

Å Low to Intermediate 

Temperature Operation

Å Low Cost and Scalable



Key to Low Temperature Battery Operation13

We envision that cycle life will be determined through

1) use of a zero-crossover separator (e.g., NaSICON or bò- Al2O3)

2) maintaining a fully liquid catholyte

NaI-AlCl3 at 150oC 

25 mol% NaI-AlBr325 mol% NaI-AlCl3

NaI-AlCl3 and NaI-AlBr3 salts at 90oC

35 mol% NaI-AlCl3 35 mol% NaI-AlCl3

A fully molten catholyte avoids

a) Particle-hindered electrochemical processes

b) Particle-related loss of capacity

Salt	
Crystals	

Electrode	Surface	

Reactant	

I-	or	I3
-	

Molten NaI-AlBr3 composition range spans 5-25% NaI and cell voltage is near or above 3V.



NaI-AlBr3: A Low Temperature Molten Catholyte14

25 mol% NaI-AlBr3 25 mol% NaI-AlCl3

ü 25:75 NaI-AlBr3salt completely 

molten at 90 oC

ü Larger fully molten capacity 

range (~5-25 mol% NaI)

Samples at 90oC

ü Carbon Fiber microelectrode shows excellent 

electrochemical behavior of 25 mol% NaI-AlBr3 at 90oC

ü NaI-AlBr3 system shows good iodide electrochemical 

reversibility.

Å AlBr3 (20mol% NaI) system at 120 oC and 1V/s

The NaI-AlBr3 catholyte

system exhibits excellent 

electrochemical behavior at 

reduced operating 

temperatures.

3I- Ą I3
- + 2e-

100mV/s

3I- Ą I3
- + 2e-

I3
- + 2e -

Ą 3I-

Al3++3e-
Ą Al
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Poster presentation by Dr. Stephen Percival

òMolten Salt Catholyte Development for Low 

Temperature Na -Halide Batteriesó



A New Materials Science-Driven Redesign16

Facility Upgrades:

Å New UniLabGlove Box with Atmospheric Controls 
(gas and temperature)

Å ArbinInstruments LBT series battery tester with 40 
channels.+/- 5A, +/- 5V per channel.

Å Custom electrical cables shielded up to the point of 
measurement (battery), rated to 200 C, 5A.

Å New test cell designs

Additional Material Issues

Å Seals

Å Battery casings

Å Electrical contacts



Composite Separator Innovation17

Composite separators could enable thinner (higher conductance), mechanically 

robust separators.

C

100 mm

F

Zr Na

Å Powdered NaSICONand powdered polymer 

(polyvinylidene difluoride: PVDF) were warm -pressed 

together 

Å Tough composite with reasonable distribution of NaSICON

Å Good interfaces between NaSICONand polymer

ü Impractically low ionic conductivity.  Poor connectivity of 

Na-conductive NaSICONis evident in 

cross-sectional elemental mapping.

sRT ~0.5 mS/cm for composite!

Å NaSICONchips (1mm thick) 

enveloped in PVDF powder and 

warm-pressed

Å NaSICONchips provide 

continuous conductive path 

through separator

An alternative approachInitial Approach

Conductivity is 

determined by 

NaSICON ceramic.


